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Abstract 
This study focuses primarily on improving the utilization and activity of anodic catalysts 
for methanol electro-oxidation. The Direct Methanol Fuel Cell (DMFC) anodic catalyst, a 
carbon supported Pt decorated amorphous RuIr nanoparticles catalyst (Pt@RuIr/C) was 
prepared by a two-step reduction method. The structure of Pt@RuIr/C nanoparticles was 
confirmed by Transmission Electron Microscopy (TEM) and X-ray Diffraction (XRD). The 
Pt@RuIr electrocatalysts exhibited good uniformity in distribution. Cyclic Voltammetry 
experiments showed that under the same quality of noble-metal, the Pt@RuIr/C catalyst 
had higher activity than the PtRuIr/C catalyst for methanol oxidation. It was also shown 
that the as-prepared structure of the Pt decorated amorphous RuIr alloys could obviously 
decrease the usage of noble-metal and enhance its catalytic activity at the same time. 
 
Introduction 
Direct Methanol Fuel Cells (DMFCs) are widely considered as highly efficient, high 
energy density, easy handling and distribution of liquid fuel, and clean energy sources1. 
Currently, the high cost, unsatisfactory activity and durability of Pt-based catalysts are the 
major challenges that hinder commercialisation of DMFCs2. Currently PtRu alloy is the 
most promising electrocatalyst for methanol electro-oxidation, due to the ability of Ru in the 
alloy to promote fast oxidation of CO3. 
 
Despite the promising activity of the PtRu alloy, further improvement in activity and 
durability is still necessary for practical applications of DMFCs. The introduction of a 
third metal is a promising approach to develop novel methanol-oxidation catalysts with 
improved performance. Iridium, in the form of iridium–platinum (IrPt) alloys, is a 
promising alloying material for applications in various fuel cell catalysts. It has been 
reported to be active for ethanol oxidation and Oxygen Reduction Reaction (ORR)4,5. At the 
same time, it is less expensive than Pt and Ru, and can be easily synthesized with small 
particle sizes (≤ 2 nm). However, if iridium has to be used in fuel cell catalysts, it is likely 
that, due to its lower availability on earth than platinum, it will become more expensive 
in the future. Ir-Pt alloy is also electrochemically stable in acidic media. Among the 
ternary alloy catalysts, the PtRuIr/C system seems to be a promising catalyst for DMFCs6-8. 
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However, these Pt-based alloy catalysts are not satisfactory to lower the Pt loading enough to 
meet the requirements of commercializing DMFCs. 
 
A reasonable approach for minimizing the Pt content without sacrificing electrocatalytic 
activity of the electrocatalysts is to form core/shell structures via surface modification of 
the metal or alloys nanoparticles.9-1 In this way precious or active metals  (Pt  or  Pt  
alloys)  are  deposited  on  cost-effective  or  inactive  metal/alloy nanoparticles so that the 
utilization of Pt can be further improved. 
 
Recently, amorphous metal catalysts with long-range disordering and short-range 
ordering have attracted a lot of attention due to their unique isotropic structure. Compared 
with their crystalline counterparts, amorphous catalysts have a higher concentration of 
coordinated unsaturated sites on their surface12. There are a few reports on employing 
amorphous metal as the core or shell in core-shell structured nanoparticles13,14. For 
example, carbon-supported Fe@Pt core-shell catalysts with Fe cores in different crystal 
states were synthesized, in contrast to its crystallized counterparts, the iron in the 
amorphous state shows a distinct and powerful ability as a core for the Fe@Pt 
nanoparticles. However, these amorphous Pt-contenting catalysts were prepared via 
mechanical alloying technique and the resulted alloys were micro particles. 
 
This study aims to improve the Pt utilization rate and activity of anodic catalysts for 
methanol electrooxidation by synthesizing amorphous nano-sized Pt-based electrocatalyst. 
In this work, Pt@RuIr/C was prepared by a two-step reduction method. The structure of 
Pt-RuIr/C nanoparticles was confirmed by TEM and XRD. With the same Pt loading, the 
Pt@RuIr/C amorphous nanoparticle exhibited higher activity than the crystal PtRuIr/C 
nanoparticles for methanol oxidation. The structure of Pt decorated amorphous RuIr 
alloys can obviously decrease the utilization of noble-metal and enhance its catalytic 
activity at the same time. 
 
Experimental 
Preparation of Pt@RuIr /C catalyst 
Pt@RuIr /C catalyst was prepared by a two-step reduction method. The detail procedure 
was as follows: 1.99 mL of 20 mg mL-1 RuCl3, 2.56 mL of 10 mg mL
-1 H2IrCl6 and sodium 
citrate (166 mg) were dissolved in 30 mL Ethylene Glycol (EG) and stirred for 0.5 h. 
Pretreated carbon black Vulcan® XC72R (100 mg) was added to the mixture under 
stirring conditions. The pH of the system was adjusted to ~9 by adding 5 wt% KOH/EG 
solution under vigorous stirring. The mixture was then placed into a flask and the 
temperature was maintained at 160ºC for 6 h. The as-prepared catalyst was collected by 
filtration, rinsed with deionized water for 5 times and dried in air at 60°C for 12 h. 
 
Subsequently, 1.18 mL of 20 mg mL-1 H2PtCl6·6H2O aqueous solutions and 20 mL EG 
were added to another flask. The pH of the system was adjusted to ~9 by the 5 wt% 
KOH/EG solution. The obtained RuIr/C powders (80 mg) were introduced into the flask 
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and the mixture was stirred for 4 h at 120ºC. Subsequently, the resulting powders were 
collected by filtration and then washed with deionized water until no chloride anion in the 
filtrate, and followed by drying in air at 60ºC for 12 h. The Pt@RuIr/C catalyst was 
obtained. For comparing, PtRuIr/C (Atom ratio Pt : Ru : Ir = 3 : 3 : 1) were synthesized by 
using the same method for preparing RuIr/C. 
 
Measurements 
The catalysts were characterized by recording their XRD patterns on a Shimadzu XD–3A 
(Japan), using filtered Cu-Kα radiation. All XRD patterns were analyzed using Jade 7.5 of 
Material Data, Inc. (MDI): peak  profiles of individual reflections were obtained by a 
non-linear least-square fit of the Cu Kα corrected data. TEM–measurements were carried 
out on a Tecnai G220 S–TWIN (FEI Company); the acceleration voltage was 200 kV. The 
Energy-Dispersive X-ray spectroscopy (EDX) analysis was performed in an analyzer 
associated with TEM. 
 
The electrochemical measurements of the catalysts were performed using an 
electrochemical work station (Potentiostat/Galvanostat RST 3000). A typical three- 
electrode electrochemical cell was used for the measurements. The counter and reference 
electrodes were a platinum wire and an Ag/AgCl (3 M KCl), respectively. The working 
electrode was a Glassy Carbon disc (GC, 5 mm in diameter). The thin-film electrode was 
prepared as follows: 5 mg of the catalyst was dispersed ultrasonically in 1 mL 
Nafion®/ethanol (0.25 % Nafion®) for 15 min. 8 μL of the dispersion was transferred 
onto the GC disc using a pipette, and then dried in air. 
 
Results and Discussion 
Catalysts of various compositions were examined by XRD. XRD patterns of the RuIr/C, 
Pt@RuIr/C, and PtRuIr/C are shown in Figure 1. The diffraction patterns between 32˚ and 
70˚ are enlarged in the inset of Figure 1. The first peak located at about 24.8˚ in all the 
XRD patterns is associated to the carbon support. In the case of RuIr/C and PtRuIr/C 
sample, only a broad peak appears at approximately 2θ = 45°, indicating that these 
samples are amorphous. The diffraction peak of PtRuIr/C is shifted to higher 2θ values 
with respect to the corresponding peaks in the RuIr/C sample. The shift of the peaks to 
higher angles reveals the alloy formation between Pt and RuIr. After Pt atoms deposited on 
the RuIr alloy nanoparticles in the sample of Pt@RuIr/C, XRD pattern has significant 
changes. This phenomenon suggests that Pt atoms modify on the surface of RuIr 
nanoparticles, rather than are alloyed with RuIr nanoparticles. 
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The morphology of the catalyst was also investigated by TEM. The TEM images and 
corresponding Selected Area Diffraction (SAD) patterns of RuIr/C (a) and Pt@RuIr/C (b) are 
presented in Figure 2. RuIr and Pt@RuIr nanoparticles are shown to be well- dispersed onto 
the carbon support (Figure 2). The sizes of RuIr nanoparticles were in the range of 1-3 nm 
with an average diameter of 1.8 nm. The particle sizes of the Pt@RuIr samples increased 
compared with RuIr. The size distribution of the particles exhibited a similar magnitude of 
ranges from minimum to maximum particle sizes in the samples, indicating that the 
reduced Pt atoms were uniformly deposited on the RuIr nanoparticles during the 
nucleation and growth processes. In addition, the diffused ring in the SAD pattern 
reconfirmed that the alloy powders are amorphous. The EDX for the samples are also 
shown in the inset. The EDS analysis revealed that the chemical compositions and metal 
loadings of the catalysts are in good agreement with the amounts of their precursors, 
indicating that all of the metal precursors had been completely reduced and there was no 
significant loss of metal nanoparticles during the synthesis procedure. 
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In  order  to  investigate  the  surface  structures  of  the  Pt@RuIr/C  samples,  CV 
measurements were carried out in 0.5 M H2SO4. The CV results are shown in Figure 3. 
PtRuIr/C exhibits a CV curve that is typical of the Ir surface, while Pt@RuIr/C samples 
exhibit a gradual change toward the CV curve of Pt. Pt@RuIr/C exhibits a curve that is 
almost identical to that of Pt, indicating that the surface of RuIr nanoparticles is completely 
covered by Pt, and the Pt overlayer is sufficiently thick for covering the underlying Ir 
and shows the CV characteristics of Pt@RuIr/C. 
 
 
 
CO stripping is a key parameter for electrocatalysts used in DMFCs, in that the 
eletrocatalyst can reduce or avoid strongly adsorbed CO species formed on the surface or 
favor CO oxidation at low potentials. CO oxidation, i.e. CO stripping, can provide 
valuable information about the nature of the samples. The capability of CO oxidation for 
Pt@RuIr/C and PtRuIr/C catalysts were evaluated by CO stripping analysis which were 
carried out by cyclic voltammogramms in 0.5 M H2SO4 at a scan rate of 50 mV s
-1 at 
room temperature, and results are presented in Figure 4. It can be observed that the onset 
potential of CO oxidation on Pt@RuIr/C shifts to lower potentials compared to that of 
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PtRuIr/C, and their onset potentials for Pt@RuIr/C and PtRuIr/C are at about +0.48 V 
and +0.51 V vs. Ag/AgCl, respectively. 
 
The Electrochemically Active-Specific Area (SEAS) of the catalyst was calculated using 
the equation15-1 
 
where SEAS  is the electrochemical active surface area of different catalysts, QCO  is the 
charge for CO desorption electro-oxidation in microcoulomb (μC), 484 is the charge 
required to oxidize a monolayer of CO on the catalyst in μC cm-2 and w is the metal 
loading, respectively. The results of SEAS are 266 and 153 m
2 g-1 precious metal
-1, for 
Pt@RuIr/C and PtRuIr/C, respectively. Here the active surface area of 266 m2 g-1 for the as-
prepared core-shell Pt@RuIr catalyst, was higher than the theoretical value obtained by 
Markovic et al.18 for a (111) Pt monolayer (empty shell) which is estimated to be ca. 205 m2 
g-1 considering 1.5 1015 atoms of Pt cm-2 and could be due to experimental errors. 
  
 
 
Activity of the newly prepared catalysts toward anodic oxidation was also tested in 
methanol solution with sulfuric acid electrolyte using CV. Figure 5 shows CVs of the 
Pt@RuIr/C and PtRuIr/C electrodes for methanol electro-oxidation in 0.5 M CH3OH + 0.5 
M H2SO4 at 25
◦C. The Pt@RuIr/C shows superior catalytic activity to PtRuIr/C, i.e.  lower 
onset potential and higher oxidation current density. The mass activity value of 
Pt@RuIr/C catalyst is 0.433 A mgprecious metal
-1, which is about 2.6 times higher than 
that of PtRuIr/C catalyst (0.167 A mg precious metal Chronoamperometric experiments are 
carried out to observe the stability and possible poisoning of the catalysts under short time 
continuous operation. 
 
- 
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Figure 6 shows such typical i-t plots with the current normalized to the initial current. For 
each catalyst, the decay in the methanol oxidation is different. Figure 6 is clearly shown 
that the Pt@RuIr/C composite electrode is more stable than the PtRuIr/C electrode 
when the electrodes are compared under identical experimental conditions. It can be 
observed that the currents of the Pt@RuIr/C and PtRuIr/C catalysts at 1,000 s are 0.145 and 
0.053 mA. It is clearly shown in Figure 6 that the deceasing rate of current density with 
time for Pt@RuIr/C is much slower than that of PtRuIr/C, which indicates that 
Pt@RuIr/C has better anti-poisoning ability. The above results demonstrate that the 
electrocatalytic stability of the Pt@RuIr/C catalyst for methanol oxidation is much higher 
than that of the PtRuIr/C catalyst. 
 
Tafel plots for the methanol oxidation on the Pt@RuIr/C and PtRuIr/C catalysts derived 
from the Linear Sweep Voltammograms in 0.5 M H2SO4 solution + 0.5 M CH3OH at a 
http://repository.uwc.ac.za
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scan rate of 5 mV s-1, as shown in Figure 7. Each plot can be fitted and divided into two 
linear regions according to the change of Tafel slopes. On the Pt@RuIr/C, the Tafel slopes 
values are comparable with those on the PtRuIr/C, indicating that the MOR mechanism 
on Pt@RuIr/C remains the same as on PtRuIr/C. The difference in Tafel slope values at 
low and high overpotentials may be associated to a possible change of reaction 
mechanism(s) or at least to a change in the Rate- Determining Step (RDS) in the potential 
range employed. 
 
Conclusions 
In summary, we have developed a very general strategy to prepare carbon supported core-
shell structure Pt@RuIr NPs with intimate contact between Pt and RuIr. The as- 
prepared structures were investigated using XRD, TEM and electrochemical techniques. 
The electrocatalyst activities were tested using the methanol oxidation as ‘’probe 
reactions’’. Core-shell catalysts with Pt on the surface of RuIr nanoparticles exhibited 
higher catalytic activity than PtRuIr/C, as a result of improved Pt utilization. This work 
further confirms that catalytic activity of Pt catalyst can indeed be improved through 
controlling not only the metal size and shape but also its structure. These nanostructures 
have obvious structural advantages in terms of unique catalytic properties, simple and 
clean processing, and saving precious metals, which show their great potential for use in 
DMFCs technologies. 
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